A CE meter cup was modeled using a casting simulation software and cooling curves at different points of the casting model were calculated. In setting temp-solid fraction parameters, an Fe-C-Si ternary equilibrium phase diagram was used with a substantive temperature range in the equilibrium phases so that the -Fe+G+L phases can be considered. In studying the calculated cooling curve, a rapid temperature drop was found in the cooling curve in the final solidification period. This rapid cooling occurred during eutectic solidification. The structure formed by the rapid cooling was found as chill or D-type graphite because the liquid phase is cooled rapidly to below the eutectic temperature. This rapid cooling may be one of the causes of D-type graphite near the final solidification part of thick iron castings.
Introduction
In iron castings, the chilled iron structure called the inverse chill can be formed at deep inner regions of thick castings. Although obvious inverse chills have rarely been seen in modern castings because of the improvement of the inoculation technology, the microstructures that seem to be formed by rapid cooling are often observed at the final solidification part of the casting, for example, the D-type graphite.
The various causes of the inverse chill have been suggested as follows: 1) (1) Carbide stabilizing elements segregate at the center of thick castings, (2) The inoculation is insufficient, (3) And/or the cooling rate is particularly fast at the center of the casting. However, these suggestions are not enough to explain sufficiently the reasons why the inverse chill is formed only at the thick parts of the casting.
It is widely known that the rapid temperature drop can be found at the point just after the end of the eutectic solidification when primary differentiation is conducted on a cooling curve recorded by a CE meter. However the reasonable cause of the rapid temperature drop has not been reported.
On the other hand, the conventional cooling curve measured with a CE cup does not show the real cooling curve because the temperature is measured through an outer silica tube (4 mm, 1 mm-thick) for a thermocouple. Therefore, it is difficult to measure the temperature with the CE cup during the eutectic solidification.
We have simulated the cooling curve in the CE cup by numerical analysis software, in order to see whether or not the rapid temperature drop can be found at the final solidification part just like the way it appears on the conventional cooling curves with the actual measurement. Also, we have allocated certain points in the simulated CE cup for cooling curve measurement in order to understand the possibilities of the formations of the inverse chills and D-type graphite.
Experimental Procedures

Actual measurement
The molten iron was poured from a cupola into the forehearth, and held for ten minutes. Then, the molten iron with 0.05% amount of carbon inoculation was transferred to a ladle. After 30 s from the inoculating, the molten iron was poured into a CE cup connected with the digital recorder, and the cooling curves were recorded until the end of the solidification. The CE cup for this experiment was not the tellurium-added type which is commonly used for measurement of the cementite eutectic temperature, but the type without any additives in order to record a cooling curve of the practical cast iron. The temperatures were recorded at intervals of 1/2 s for 300 s just after the pouring in order to obtain the cooling curve until the post-solidification period. Figure 1 shows the shape of the CE cup and the measuring points. Table 1 shows the chemical composition of the cast iron. Figure 2 shows the result of the actual measurement and the curve calculated by primary differentiation.
Setting latent heat emission pattern
In order to find the appropriate pattern of the latent heat emission, the temperatures at the thermocouple in the silica tube just like a real CE cup were calculated. The latent heat emission patterns were determined by the relationship between temperature and solid fraction by using simulation software. The definition of the transformation temperatures were based on the result of the actual measurement and the parameters were set as follows:
(1) The liquidus temperature (T L ) was assumed to be 1468 K measured by the actual measurement. (2) The eutectic solidification start temperature (T ES ) was assumed to be 1418 K measured as the recalescence temperature.
As to the eutectic solidification end temperature (T EE ), three different parameters were set to vary the eutectic temperature range (ÁT E ) as follows: (a) Based on the Fe-C binary equilibrium phase diagram, T EE was assumed to be 1417 K because the eutectic temperature is constant. Therefore, the minimum temperature difference was defined by subtracting T EE from T ES , i.e., ÁT E :
Based on the Fe-C-Si ternary equilibrium phase diagram, 2) T EE was assumed to be 1408 K because Silicon content is taken into account on the eutectic temperature range, i.e., ÁT E : T ES À T EE ¼ 10 K, (c) Based on the multiple equilibrium phase diagram, T EE was assumed to be 1403 K because contents of phosphorus, manganese, sulfur, etc. are also taken into account on the eutectic temperature range, i.e., ÁT E :
11, a casting simulation software, was used for the calculation of molten metal flow and the temperature during solidification. Table 2 shows the properties of the cast iron, the CE cup and the silica tube used for this experiment. Table 3 shows the parameters for the relationship between temperature and solid fraction. The results of the calculation are shown in Fig. 3 (a) , (b) and (c).
Cooling curves at each measuring point
As shown in Fig. 1 , nine measuring points were set in the following order:
(1) On the top of the silica tube (Point 1), (2) At the final solidification part, which is 4 mm above Point 1 (Point 3), (3) On the same level of Point 3, at seven points from Point 3 to the casting surface with 2 mm intervals (Point 4-10). The cooling curves at each point were calculated individually. Figure 4 shows the cooling curves at each point.
Observation of the microstructures
The graphite structure and the matrix structure of the cast irons were observed in order to estimate the solidification process and the cooling rate.
Results
Actual measurement
As shown in Fig. 2 , the rapid temperature drop was measured in the final period of the eutectic solidification, as well as the common case of cast iron cooling. The range of the rapid temperature drop was from about 1393 K (1120 C) to about 1360 K (1087 C). The cooling rate during the rapid temperature drop was about 3 K/s.
Comparison of latent heat emission patterns
Comparisons between the cooling curves calculated by the three different parameters and the measured cooling curve are shown in Fig. 3 . The cooling curves of ÁT E ¼ 10 K (Fig. 3(b) ) and ÁT E ¼ 15 K (Fig. 3(c) ) obviously agreed with the measured cooling curve rather than the cooling curve of ÁT E ¼ 1 K (Fig. 3(a) ), especially on the final solidification period. Therefore, it is clear that there is a temperature range of the eutectic solidification. When comparing the temperature ranges of ÁT E ¼ 10 K and ÁT E ¼ 15 K, the temperature ranges are almost the same. Considering all the information, we decided to use the cooling curve of ÁT E ¼ 10 K for further analysis. The rapid temperature drop after the eutectic solidification was well simulated by the numerical analysis for this experiment although the recalescence at the graphite eutectic period was not simulated. The rapid temperature drop can be commonly observed on the cooling curves with small undercooling by excessive inoculation or with solidification into white iron. Therefore, we have concluded that the calculation of the rapid temperature drop would not be affected by the nonexistence of the undercooling phenomenon. Figure 4 shows that the most outer point (Point 10) took a steady cooling rate in the eutectic solidification period while the temperatures at the more inner points were kept for the longer time at 1418 K (1145 C) before the rapid temperature drop. In the final solidification period in the simulated cooling curve, the rapid temperature drop of about 30 K occurred as well as the measured cooling curve. Figure 5 shows the cooling curve and the solid fraction curve for the final solidification part (Point 3) during the solidification period. As shown in Fig. 5 , it is clear that the rapid temperature drop in the final solidification period occurred even at the time when liquid phase remained inside the castings. Figure 6 shows the graphite structures on the final solidification part (Point 3), the most outer point (Point 10) and the point in the middle of them (Point 7). On Point 3, moderately-cooled structure (i.e., A-type graphite) and rapidly-cooled structure (i.e., D-type graphite) appeared together in mottled structure. Figure 7 shows the image of the mottled structure by a low magnification. While Point 3 had some D-type graphite, Point 7 only had the A-type graphite. Even on the most outer point (Point 10), its main structure was the A-type graphite with the B-type graphite rather than the D-type graphite. The matrix structure of the D-type graphite area on the final solidification part was pearlite structure as shown in Fig. 8 .
Analyzing cooling curves for measuring points
Structure analysis
Analysis
The rapid temperature drops detected both on the measured and the simulated cooling curves for Point 1 were identified as the temperature drop during the eutectic solidification in the final solidification period. By calculating the cooling curves of the cast iron based on the temperature range of 10 K in the eutectic solidification, it has become clear that the temperature drop actually started not after but during the solidification when the molten iron partially remained in the phase of -Fe+G+L.
As the result of the graphite structure observations at the final solidification part, the mottled structure coexists with the A-type and the D-type graphite. It is considered that the mottled structure is an evidence to from the chilled structure by the rapid temperature drop in the liquid/solid phase. The cooling rate can be assumed to be faster than the general cooling rate for thin castings due to the evidence that the matrix structure around the D-type graphite had pearlite structure without the transformation to be ferrite.
Conclusions
According to the cooling rate of both the measured cooling curve and the simulated cooling curve of cast iron, and microstructure observations, the following conclusions have been obtained:
(1) In analyzing the solidification process of cast iron, it is recommended to use the model that has a certain temperature range (approx. of 10 K) in the eutectic solidification in accordance with the Fe-C-Si ternary equilibrium phase diagram.
(2) The above-mentioned model enables us to confirm that the rapid temperature drop on the actual measurement occurs during the eutectic solidification.
(3) The matrix structure around the D-type graphite in the final solidification part shows pearlite structure. This fact supports the above-mentioned rapid cooling theory.
